ABSTRACT The utility of the cytochrome oxidase I (COI) DNA sequence used for DNA barcoding and a Sequence Characterized AmpliÞed Region for diagnosing boll weevil, Anthonomus grandis Boheman, variants was evaluated. Maximum likelihood analysis of COI DNA sequences from 154 weevils collected from the United States and Mexico supports previous evidence for limited gene ßow between weevil populations on wild cotton and commercial cotton in northern Mexico and southern United States. The wild cotton populations represent a variant of the species called the thurberia weevil, which is not regarded as a signiÞcant pest. The 31 boll weevil COI haplotypes observed in the study form two distinct haplogroups (A and B) that are supported by Þve Þxed nucleotide differences and a phylogenetic analysis. Although wild and commercial cotton populations are closely associated with speciÞc haplogroups, there is not a Þxed difference between the thurberia weevil variant and other populations. The Sequence Characterized AmpliÞed Region marker generated a larger number of inconclusive results than the COI gene but also supported evidence of shared genotypes between wild and commercial cotton weevil populations. These methods provide additional markers that can assist in the identiÞcation of pest weevil populations but not deÞnitively diagnose samples.
The boll weevil, Anthonomus grandis Boheman (Coleoptera: Curculionidae), is a major economic pest of cultivated cotton, Gossypium hirsutum L. It was Þrst reported in southern Texas in 1892 and by 1922 had spread throughout most of the southeastern United States where it damaged commercial cotton Þelds (Burke 1968 , Burke et al. 1986 ). Indigenous to Central America or Southern Mexico, A. grandis has also been found in Cuba (1870), Haiti (1832) , Venezuela (1949) , Colombia (1950 ), Brazil (1983 , Paraguay (1991) , Argentina (1993), and Bolivia (1997) (Burke 1968 , Scataglini et al. 2006 .
Since 1983, eradication programs have been directed at boll weevil populations in the southern United States (including Arizona, New Mexico, and California) and northern Mexico (states of Sonora and Chihuahua). With the exception of a few regions of Texas, it has been successfully eradicated from cotton growing regions of the United States (J. Schoenholz, personal communication). When weevils are trapped in commercial cotton Þelds it is important to know the likely geographic source of the infestation. For example, if the weevils are trapped within an eradication zone, it is important to know if the population is a resurgence of the treated infestation or newly introduced from an area outside of the eradication zone. Methods using microsatellite DNA have been developed to address this question for Texas Kim et al. , 2008 Choi et al. 2011) . Unfortunately, samples from only a limited portion of the known geographic range have been analyzed with microsatellite markers and it is not currently possible to evaluate the source of all pest populations in North America.
In 2001 a genetic difference was reported between boll weevil populations collected from wild cotton in the southwestern United States and populations collected from commercial cotton in the southeastern United States (Roehrdanz 2001) . In this study, Restriction Fragment-Length Polymorphism (RFLP) analysis of mitochondrial DNA supported BurkeÕs classiÞcation of boll weevil population variants, called the "southeastern boll weevil" and "thurberia weevil" (Burke 1968 , Burke et al. 1986 ).
These two weevil variants have differences in morphological (e.g., body shape, Profemura, Pronotal setae, and Elytral-interval) and host use characters (Warner 1966 , Burke 1968 . The southeastern weevil occurs in the southern United States where it is a pest of commercial cotton. The biology of the thurberia weevil, however, is associated with wild cotton, Gossypium thurberi Todaro, populations in southern Arizona and northern regions of Sonora, Mexico, and is not regarded as a signiÞcant pest of commercial cotton (Warner 1966 , Fye and Parencia 1972 , Jones and Williams 2001 . Subspecies classiÞcation has been proposed for these two variants based on shape of the female spermatheca (Werner 1960) and is occasionally reported by Plant Protection Organizations (e.g., EPPO http://www.eppo.org, data sheet for A. grandis). The validity of subspecies status has been questioned using rearing and molecular methods (Burke 1968 , Bartlett et al. 1983 , Burke et al. 1986 ). Therefore, we use the conservative designation of variant in our study rather than the proposed Latinized names.
Although the differences observed in mitochondrial DNA of thurberia and southeastern boll weevils could be useful for determining if a trapped weevil is from a wild cotton or commercial cotton population, performing this diagnosis is not straightforward. First, the polymerase chain reaction (PCR)-RFLP analysis method of Roehrdanz (2001) is not ideal for routine diagnosis work. As described, it requires ampliÞcation of over half the insectÕs mitochondrial genome (Ͼ9 kb). Consequently, successful analysis is dependent on using good quality DNA that has not been degraded. This is not always possible when using DNA isolated from insects removed from traps in the Þeld. The PCR-RFLP method also requires a relatively long assay time (2Ð3 d). The PCR step takes Ͼ8 h and is then followed by restriction digestion and size separation using electrophoresis (Roehrdanz and Degrugillier 1998) . Alternative methods of mitochondrial DNA analysis should facilitate the diagnosis and genetic study of weevils.
The second issue with the 2001 molecular method is that the reported data set lacks samples that are needed to determine the population source of an infestation. For example, weevils detected in Arizona in 1963 could have moved in from nearby thurberia weevil populations, southeastern boll weevil populations of the United States, or weevil populations from Mexico. The mitochondrial variation of Mexican weevil populations was not examined in the 2001 study and has yet to be formally analyzed. This is particularly problematic because northern Mexico is a likely source for weevils detected in the United States (Warner 1966 , Burke et al. 1986 ) and weevil populations in Mexico are currently grouped into a third variant called the "Mexican boll weevil." This variant has been found on G. hirsutum and different wild hosts including Gossypium davidsonii Kell, G. barbadense L., and Hampea rovirosae Standley (Burke 1968) . It may also feed on G. thurberi. The distribution of the Mexican boll weevil includes Central America and Mexico. In comparison to the other variants, the Mexican boll weevil is morphologically, geographically, and ecologically diverse. In fact, Roehrdanz (2001) classiÞed all commercial cotton populations as boll weevil because it was not possible to separate southeastern and Mexican boll weevil types in his study.
In the late 1990s USDAÐAPHIS (U.S. Department of AgricultureÐAnimal and Plant Health Inspection Service) developed an alternative molecular diagnostic to discriminate thurberia and southeastern boll weevil populations (D.V., unpublished data). This diagnostic method used a Randomly AmpliÞed Polymorphic DNA (RAPD) technique to observe differences in size and number of PCR products. To enhance the reproducibility and interpretation of the RAPD information, differences in the PCR product of different variants were used to generate a Sequence Characterized AmpliÞed Region (SCAR) PCR protocol for the weevils. Like the 2001 PCR-RFLP method, this SCAR marker also relied on a database that lacked weevil samples from Mexico.
In our study, we report mitochondrial DNA sequences of the cytochrome oxidase subunit I (COI) gene that were generated from boll weevil populations associated with commercial and wild cotton in the United States and Mexico. DNA sequences of the COI gene have been used extensively for analysis of phylogeographic patterns between reproductively isolated populations (Avise 2004 , Beheregaray 2008 and to study possible relationships among boll weevils in South America (Scataglini et al. 2006) . We sequenced a Ϸ500 bp region of the COI gene, commonly called the "Folmer" region, that has been proposed as an ofÞcial barcode region for animal identiÞcation (Consortium for the Barcode of Life; Folmer et al. 1994 , Hebert et al. 2003 . Based on RoehrdanzÕs work, a DNA barcode should generate useful information for the study of boll weevil variants because it uses mitochondrial DNA. The DNA sequences should be more informative than the RFLP (e.g., Barr 2009 ) and can be directly compared with previously published COI sequences for the boll weevil (Scataglini et al. 2006) .
We use the data to address three questions. 1) Can the commonly used COI DNA barcode region diagnose the thurberia weevil variant in the United States? 2) Do weevils collected in northern Mexico have genetic proÞles like the thurberia weevil variant? 3) Can the COI data set be used to diagnose the source of weevil infestations in commercial cotton growing areas in the southwestern United States? To answer these questions we classify our commercial cotton populations (i.e., non-thurberia weevil) according to the more recognized name boll weevil that can include both southeastern and Mexican weevil variants.
In addition, we report for the Þrst time the SCAR marker technique developed by APHIS for boll weevil population identiÞcation. In general, this technology is relatively fast (Ͻ1 d) because it enables samples to be screened using a conventional PCR without subsequent RFLP treatment (Saha and Kunu 2006 , Lu et al. 2008 , Mata et al. 2010 . We evaluate if the marker can distinguish the thurberia weevil population in the United States from weevils collected from cultivated cotton in Mexico.
Materials and Methods
Sample Collection. In total, 158 Anthonomus specimens used in this study were collected between 1996 and 2012. The 30 sampling sites are described in Table  1 , and the sites are depicted graphically in Fig. 1 . Individuals were collected either directly from commercial cotton (G. hisutum) and wild cotton (G. thuberi) or from traps located among these plant species.
All specimens were morphologically identiÞed as A. grandis. The weevils were further sorted into two populations: thurberia weevils and boll weevils. Individuals were diagnosed as thurberia weevil if they were 1) collected from wild cotton and 2) collected from the known distribution of the thurberia weevil after late summer rains (Fye and Parencia 1972) . Individuals were diagnosed as boll weevil, if collected from commercial cotton within the United States or Mexico. Although the boll weevil populations sampled from the United States and Mexico in our study might equate to the southeastern and Mexican weevil variants described by Burke (1968) , there are no reliable markers to conÞrm those variants.
In addition, analysis of profemora leg ratios was performed on a subsample of material to differentiate thurberia weevils from boll weevils. Using a stereomicroscope, the length and width (Supp. Fig.  S1 [online only]) of a profemora was estimated in micrometers. These values were used to calculate the profemora (length:width) ratio as described by Burke (1968) . Although not considered deÞnitive for diagnosis, thurberia weevils generally have ratios of 3.0 Ð3.4 and boll weevils ratios of 3.6 Ð 4.0 (Burke 1968) . The ratio calculations are reported in Supp. Table S1 (online only).
Collected specimens were either sent live, fresh frozen, desiccated, or in alcohol to the USDA Center for Plant Health Science and Technology, Mission Lab in Edinburg, TX. Specimens were maintained at Ϫ80ЊC before analysis.
The 279 bp COI sequences reported by Scataglini et al. (2006) and available on GenBank (AY266610-AY266631) were included in the study for comparison to our COI records (Table 2) . GenBank AY266626-28 were excluded from analysis because these were from samples with inadequate identiÞcation and highly divergent sequences (data not shown) in comparison to other boll weevils.
DNA Extraction. DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) following standard DNeasy guidelines for animal tissues. Extractions were stored at Ϫ20ЊC for the duration of the study. Whenever possible, DNA from one specimen per collection was isolated from a single leg or via a nondestructive method as described in Barr et al. 2006 to preserve a specimen as a voucher. DNA isolated from a leg was eluted in 100 l buffer. 
DNA Sequences of COI.
A Ϸ700 bp fragment of the mitochondrial COI gene was ampliÞed from all weevil samples using the LCO-1490 5Ј-GGTCAACAAAT-CATAAAGATATTGG and HCO-2198 5Ј-TAAA-CTTCAGGGTGACCAAAAAATC-3Ј primer pair (Folmer et al. 1994) . PCR for these sets of reactions were performed in 25.625 l reactions containing 1 l of template, 17.4 l of water, 2.5 l of 10X TaKaRa Ex Taq buffer (Takara Bio Inc., Kyoto, Japan), 2.6 l of 2.5 mM dNTPs mixture (TaKaRa Bio Inc.), 1.0 l of each primer (10 M, EuroÞns MWG Operon Technologies, Hunstsville, AL), and 0.125 l of TaKaRa Ex Taq HS DNA polymerase (TaKaRa Bio Inc.).
AmpliÞcations were performed in Applied Biosystems GeneAmp PCR System 9700. Cycling conditions for ampliÞcation of the COI fragment were 3 min at 94ЊC followed by 39 cycles of 1 min at 94ЊC, 1 min at 50ЊC, 1 min at 72ЊC, and an extension of 5 min at 72ЊC with a Þnal hold of 4ЊC. PCR products were stained with Gel Red (Biotium, Hayward, CA) ßuorescent dye at 2/10,000X and loaded on 1.5% TAE electrophoresis agarose gels. In total, 10 l of 100 bp BenchTop DNA Ladder (Promega, Madison, WI), also stained with Gel Red at 2/10,000X, was loaded to estimate band mobility. Documentation of these gels was via a Gel Doc (BioÐRad, Hercules, CA) imaging system using Quantity One software. AmpliÞcation products were puriÞed with ExoSAP-IT (USB Corp., Cleveland, OH) or a Qiaquick PCR puriÞcation column (Qiagen) before sequencing. PCR products were sequenced asymmetrically using 3Ј BigDye-labeled dideoxynucleotide triphosphates (v 3.1 dye terminators, Applied Biosystems, Foster City, CA) and run on an ABI 3730XL DNA Analyzer at Genewiz, Inc., NJ. BW3 Marker for SCAR Assay. One unique, SCAR diagnostic marker, BW3, was developed from excised fragments of Anthonomus grandis (boll weevil variant) produced by randomly ampliÞed polymorphic DNA-PCR (RAPD-PCR) using the OP-C-01 primer 5Ј-TTC-GAGCCAG-3Ј (EuroÞns MWG Operon Technologies). The RAPD band (Ϸ640 bp) was selected because it was not present in thurberia weevil samples based on preliminary analyses (further information available from authors). The RAPD band was gel extracted using the Qiagen Gel Extraction kit and cloned using the TA cloning kit (Invitrogen, Carlsbad, CA). The cloned product was sequenced using universal primers and edited using Sequencher (GeneCodes, Ann Arbor, MI). SCAR primers were developed from the isolated RAPD DNA sequence (GeneBank JQ922115-17) using the Primer3 Web interface (Rozen and Skaletsky 2000; http://frodo.wi.mit.edu/ primer3/). DNA from samples in this study were ampliÞed using BW-3 F 5Ј-AGCGTGACCTC-GATCGTTT-3Ј and BW3-R 5Ј-GAAACTAAC-CAAACCGCACAA-3Ј primers that generated a fragment of Ϸ530 bp unique to boll weevil.
PCR reactions were performed in 20 l reactions containing 1 l of template, 13.3 l of water, 2.0 l of 10X TaKaRa Ex Taq buffer (Takara Bio Inc.), 1.6 l of 2.5 mM dNTPs mixture (TaKaRa Bio Inc.), 1.0 l of each primer (10 M, EuroÞns MWG Operon Technologies), and 0.1 l of TaKaRa Ex Taq HS DNA polymerase (TaKaRa Bio Inc.). AmpliÞcations were performed in Applied Biosystems GeneAmp PCR System 9700 thermal cyclers. Cycling conditions for ampliÞcation were 30 s at 98ЊC followed by 46 cycles of 1 s at 92ЊC, 15 s at 55ЊC, 15 s at 72ЊC, and an extension of 1 min at 72ЊC with a Þnal hold of 4ЊC. The entire 20 l volume from each PCR product was combined with 4 l of 6X Tridye loading buffer (New England Biolabs, Ipswich, MA) and loaded on 1.0% TAE electrophoresis agarose gels prestained with ethidium bromide at 0.4 g/ml. Additionally, 10 l of 100 bp BenchTop DNA Ladder (Promega) was loaded to estimate band mobility. Documentation of these gels was via a Gel Doc (BioÐRad) imaging system using Quantity One software.
COI Control for SCAR Assay.
To assess the integrity of analyzed DNA, a modiÞed PCR for the COI gene was performed on each sample. This COI ampliÞca-tion served as a positive control in the SCAR assay to determine if BW3 ampliÞcation failure was because of speciÞcity in the assay (the sample was thurberia weevil) or inadequate DNA (PCR failed because the DNA was not suitable for PCR). The PCR primers used for DNA barcoding of COI (Folmer et al. 1994) were used as the control in the SCAR assay. PCR volumes were as in reactions for the BW3 marker. Cycling conditions for ampliÞcation differed, however, and were 30 s at 98ЊC followed by 30 cycles of 1 s at 92ЊC, 15 s at 57ЊC, 15 s at 72ЊC, and an extension of 1 min at 72ЊC with a Þnal hold of 4ЊC. In contrast to the COI barcode protocol, the PCR conditions were modiÞed to lower sensitivity of the control relative to the BW3 SCAR. This was done to minimize false negatives (i.e., diagnosis as thurberia weevil when it is a boll weevil) as described in Barr et al. (2009) . The electrophoresis was also performed as mentioned for the BW3 marker. Here, the presence of a band at 700 bp meant the DNA was suitable for PCR. Documentation of these gels was via a Gel Doc (BioÐRad) imaging system using Quantity One software.
Data Analysis. COI DNA sequences were edited using Sequencher 5.0 (Gene Codes Corp., Ann Arbor, MI). All sequences were aligned using the ClustalW function in Mega 5 (Tamura et al. 2011 ) and trimmed to a length of 503 bp in the COI alignment. Subsequent analyses were performed on these trimmed fragments. Sequences of each unique haplotype were submitted to GenBank (JQ941922-52).
Unique haplotypes were identiÞed from the aligned sequences using DnaSP 5.0. Haplotypes were screened for Þxed differences between weevil variants (thurberia and boll weevil) as described for characterbased identiÞcation methods for DNA barcoding approaches and nucleotide diagnostics (NDs; Sakar et al. 2008 , Wong et al. 2009 ). For comparison to DNA barcode studies, the range of genetic diversity of both weevil variants was estimated using the Kimura 2-parameter (K2P) model in MEGA5 (Tamura et al. 2011 ). This was calculated for each variant and the entire data set. Basic molecular summary statistics were estimated using DnaSP for comparison of diversity among populations. To examine genetic variation for association patterns, the collections were separated according to host plant (wild cotton and commercial cotton) and geographic region.
Phylogenetic tree reconstruction was estimated using a Maximum Likelihood (ML) method to evaluate similarity among haplotypes and to compare the Scataglini et al. (2006) data to our newly generated sequences. The appropriate model of sequence evolution was determined and ML reconstruction performed using MEGA5. A NJ tree was constructed to use as the initial tree in the model selection and ML phylogentic reconstruction. Reconstructions were performed using 1) a data set of the unique haplotypes generated in our study and 2) a data set that includes our data and the unique haplotypes reported by Scata-glini et al. (2006) (Table 2 ). The phylogenetic trees enable a comparison of relatedness between genotypes but are not intended to serve as diagnostic tools (Meier et al. 2006) . The shorter COI sequences reported by Scataglini et al. (2006) align with 279 bp of the 503 bp generated using the LCO and HCO primers.
The T92ϩG (Tamura et al. 2011 ) substitution model was selected based on Bayesian information criterion (BIC) likelihood scores with the shape parameters of the gamma distribution at (⌫) 0.05 and 0.25 for haplotypes recovered by this study and the combination of these and haplotypes reported by Scataglini et al. (2006) , respectively. ML bootstrap analyses were conducted with 100 replicates (Felsenstein 1985) . Bootstrap values Ն70% were considered to indicate strong support (following Hillis and Bull 1993) consequently lower values were excluded.
For the SCAR assay, banding for the BW3 and COI control markers were scored as either present or absent from gel electrophoresis. The presence of both a BW3 band at 530 bp and a COI band at 700 bp identiÞed the individual as the boll weevil. The absence of a BW3 band with the presence of a COI band determined the individual as not boll weevil, but rather thurberia weevil. Regardless of results for BW3, if the COI control marker showed no bands at the expected mobility, the results were considered inconclusive for the SCAR marker system.
Results
Mitochondrial Variability. Thirty one unique COI haplotypes were identiÞed from 154 of the 158 A. grandis individuals analyzed in the study. Four of the weevils produced results that were sequence failures. Repeating reactions did not enhance success. Haplotype (Hd) and nucleotide () diversity estimates for the total A. grandis data set were 0.914 and 0.022, respectively. There were 48 (9.5%) polymorphic sites observed in the alignment (Table 3 ). The range of K2P distances among all weevils was 0 Ð5.6%. The maximum K2P distance within thurberia and boll weevil variants was 3.3 and 5.2%, respectively. The minimum K2P distance between variants was 0% because both variants shared an identical genotype. Excluding that genotype from the analysis, the maximum variation within thurberia and boll weevil variants was 3.3 and 2.4%, respectively, and the minimum distance between the variants was 2.8%. The majority of boll weevil haplotypes (94%) shared Þxed differences at Þve nucleotide sites (180-A, 318-C, 336-C, 420-T, and 471-G) in comparison to thurberia weevil samples (Table 3) .
Of the 19 haplotypes previously reported by Scataglini et al. (2006) , only two were identical to haplotypes generated in the current study: haplotypes A1 (AN1) and TX1 (AN10). Translations of the 31 haplotypes only identiÞed Þve amino acid changes: AN1 (AA site 75, T/A), AN11 (AA site 34, C/W), AN23 (AA site 41, T/A), AN30 (AA site 96, I/V), and AN27 (AA site 130, N/S). Differences in diversity estimates (k, S, Pi, h, Hd) were observed for these data when partitioned according to weevil variant (thurberia and boll weevil) and geographic region (Mexico and United States) for each variant (Table 4 ). In general, genetic diversity (Hd) is higher for the thurberia weevil (0.919) than the boll weevil (0.798). For the thurberia weevil population, genetic diversity is higher in Mexico than in the United States. In contrast, boll weevil samples from the United States were more diverse than weevils from Mexico. Based on Pi, boll weevil is more diverse than the thurberia weevil population (Table 4) .
Thurberia Weevil Collections. Our analyses reveal 19 haplotypes from the thurberia weevil collections (Tables 3 and 5 ). All but one haplotype (AN4) were unique to the 64 thurberia weevil specimens gathered from wild cotton. The AN4 haplotype, however, was seen in Þve weevils from three collections gathered on commercial cotton from Mexico (MX5, 7, and 10). Haplotypes unique to Mexican collections included AN3, 14 Ð16, and 21. Haplotypes only seen in specimens from the United States were AN2, 6, 7, 22, 23, 24, and AN26.
Six of the haplotypes sampled from thurberia weevil locations were relatively uncommon, seen in only one individual and having a frequency of Ͻ4% in the data set. The haplotype AN4 was the most common among thurberia weevil collections, occurring in 13 (20.3%) of 64 thurberia weevil specimens sequenced. The AN4 haplotype was sampled from four United States locations: US1, 3, 4, 7, and 5 Mexico locations: MX1, 5, 7, 10, and 12. Haplotype AN4 is also the only haplotype shared between thurberia and boll weevil samples. Two boll weevil individuals showing the AN4 haplotype were gathered from collection site Los Alamos, Chihuahua, Mexico (MX5).
Boll Weevil Populations. Among boll weevil populations, the most abundant haplotype (AN12) was found in 37 (41%) of 90 individuals sequenced and was observed only in Mexico collections (Table 5 ). The AN4 haplotype is relatively divergent (Ͼ20 substitutions) from the other boll weevil haplotypes. In comparison to the boll weevil collections from the United States, the Mexico collections are less diverse based on Hd (0.599) and Pi (0.0103) ( Table 4) . Diversity estimates were substantially higher for United States collections where haplotype and nucleotide diversities were 0.851 and 0.0132, respectively, among the 90 specimens examined. Haplotypes unique to Mexico included AN11, 12, 25, and 28 Ð30. Those haplotypes unique to United States collections included AN9, 10, 13, 27, and 31 (Table 5) .
Phylogenetic Reconstruction and Divergence Estimates of Haplotypes. A phylogenetic reconstruction of the 31 A. grandis haplotypes using a ML method identiÞed an unrooted tree with two major genetic groupings called clades I and II (Supp. Fig. S2 [online only]). Bootstrap support was 99% for the separation between these clades. Clade I consisted of 19 haplotypes from 69 individuals and clade II consisted of 24 haplotypes from 85 individuals. All of the thurberia weevil samples were in clade I. Nearly all boll weevil Table 3 . The list of variable nucleotide positions for the 31 COI haplotypes recovered from the Anthonomus spp. specimens examined in the study are shown
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Type
Haplotype
Positions 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 3 7 8 9 0 0 2 5 6 6 8 8 8 9 2 2 2 3 5 6 8 8 9 9 1 2 3 3 6 7 7 8 9 9 9 0 0 2 3 4 5 5 6 6 7 8 8 6 9 2 7 9 2 8 1 6 5 8 0 6 9 9 2 3 8 4 2 7 6 8 1 4 8 1 6 9 0 5 8 9 0 3 6 2 6 0 8 5 3 9 2 8 1 3 6 A Thurberia weevil samples were in clade II. In comparison to other sequences in clade I, haplotype AN5 had a relatively long branch in the tree. Inclusion of the Scataglini et al. (2006) sequences in a phylogenetic analysis did not change the overall topology of the two major clades (Fig. 2) but did identify an afÞnity between AN5 and seven haplotypes (Te1-Te7) from 10 individuals collected in the coastal municipality of Tecomán in the Mexican State of Colima. Genetic distances among the Colima haplotypes was 0.4 Ð3.9% and the distance separating AN5 from the Colima haplotypes ranged from 1.4 to 3.6%.
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The remaining Scataglini samples from Texas, Brazil, Paraguay, and Argentina were placed in the relatively diverse clade II (with a mean of 10.4 base substitutions). It comprises all of the boll weevil haplotypes sampled from United States collections and most of the boll weevil haplotypes from Mexico (the only exception is the AN4 haplotype placed in clade I). The weevils from wild vegetation collection from Argentina had notably long branches in the tree.
Diagnostic Utility of COI Sequences. DNA sequence analysis generated information for all 64 thurberia weevil specimens and 90 of the 94 boll weevil samples (Table 5) . Comparison of variable sites revealed Þve nucleotide positions (180/318/336/420/ 471) that are Þxed between the two major clades and are strongly associated with weevil variant type ( Table   Table 4 . Genetic diversity among host-associated variants as well as all specimens gathered from each geographic region The values in the columns correspond to sample size (n), avg no. of nucleotide differences (k), segregating sites (S), nucleotide diversity (), no. of haplotypes (h), and haplotype diversity (Hd). 
Data is arranged by nucleotide diagnostic proÞle (ND, Table 3 ). TW refers to thurberia weevil and BW to boll weevil (SE ϩ MX weevil types). Population codes (e.g., MX1) correspond to Table 1 . An asterisk indicates a BW pop with an "A" proÞle. 3). These Þve sites create two distinct haplotype proÞles. One is named proÞle A (C/T/A/A/A) and is characteristic of thurberia weevil populations. The second is proÞle B (A/C/C/T/G) and is characteristic of boll weevil populations. By comparing COI sequences to these two proÞles it is possible to diagnose a sample as thurberia weevil, boll weevil, or distinct (i.e., ambiguous). Using this process, the DNA sequencing method correctly identiÞed (i.e., genotype matched collection information) 62 thurberia weevil samples (proÞle A) and all 30 boll weevil (proÞle B) from the United States.
Of the 64 boll weevil samples from Mexico, 55 (86%) were correctly identiÞed (proÞle B) using the COI sequences, when failures (N ϭ 4) are not factored (Table 6 ). Five boll weevil samples collected from the states of Chihuahua, Coahuila, and Durango had the AN4 haplotype (proÞle A) and were incorrectly identiÞed as thurberia weevil. Consequently, there is evidence that the COI gene cannot diagnose variants with 100% certainty. The association between COI haplotypes and variant classiÞcation is demonstrated for the southern United States.
The Scataglini et al. (2006) data set provides information on four of the Þve diagnostically informative nucleotide sites: 180/318/336/420. Forty two weevils collected from commercial cotton in Texas, Brazil, and Argentina by Scataglini et al. (2006) are consistent with the boll weevil sequence proÞle (B; "A/C/C/T/ ?"): haplotypes A1 (N ϭ 33), Lo1Ð3 (N ϭ 3), Pe1 (N ϭ 1), TX1 (N ϭ 4), and TX2 (N ϭ 1). Five additional weevils from noncotton hosts collected in Argentina also had the B proÞle. Of the Scataglini et al. data, 10 weevils collected from cotton in Colima, Mexico, had the A proÞle ("C/T/A/A/?") consistent with thurberia weevil populations. This agrees with our observation of the AN4 haplotype (thurberia weevil, proÞle A) in commercial cotton population in Mexico.
Diagnostic Utility of SCAR Assay. The SCAR assay produced interpretable banding for 135 of the 158 specimens. Table 6 presents the results based on thurberia weevil (wild cotton) and boll weevil (commercial cotton) classiÞcations. Of the 64 thurberia weevils (44 from the United States, 20 from Mexico) six generated inconclusive data. No banding was observed in the six for either the BW3 marker or COI-SCAR control. These inconclusive results were from samples with haplotypes AN4 (N ϭ 2), AN14 (N ϭ 1), AN16 (N ϭ 1), AN17 (N ϭ 1), and AN22 (N ϭ 1). The other 58 samples generated the expected identiÞcation of thurberia weevil.
Of the 94 boll weevil samples, 17 (all from Mexico) generated inconclusive results. We observed banding in 12 of the 17 weevils exclusively for the BW3 marker and no banding for the COI-SCAR control. The Þve remaining weevils yielded no banding for either marker. Of these 17, 5 were gathered from MX13, 5 from MX10, 3 each from MX6 and MX7, and 1 weevil from MX14. Four boll weevils from commercial cotton in southern Tamaulipas (MX14) had the thurberia weevil SCAR genotype. The other 73 samples resulted in correct identiÞcations as boll weevil.
Comparison of Methods. A comparison of SCAR assay and DNA sequence identiÞcation results are provided in Table 6 . Individuals that were scored as inconclusive for either method were not taken into account for these estimates. For thurberia weevil from United States and Mexico collections, 100% of the specimens were accurately identiÞed with both the SCAR and sequencing methods. For boll weevil, both the sequencing and SCAR method yielded 100% match for United States collections. However, for those samples from Mexico, both methods provided good but less than perfect results. Ignoring inconclusive results, the SCAR marker accurately identiÞed 91.4% (43/47) of the commercial cotton specimens in Mexico as compared with 91.6% (55/60) by the sequencing method. Including the inconclusive results as failures, these rates are 67.2 and 85.9%, respectively (Table 6) .
We observed no association between COI DNA haplotype and SCAR PCR failure (i.e., inconclusive data). SCAR PCR failure was observed for a portion of the thurberia weevil (AN4, AN14, AN16, AN17, and AN22) and boll weevil (AN4, AN12, AN25, and AN28) haplotypes. In general, the two methods generate similar identiÞcations. There was no association between boll weevil misidentiÞcations using the two methods: the thurberia weevil COI genotypes were documented from commercial cotton in Chihuahua, Coahuila, and Durango (MX5, 7, 10) and the thurberia weevil SCAR genotypes from commercial cotton in Tamaulipas (MX 14) . This is important because we do not see any clear evidence of trapped weevils in commercial cotton coming from wild cotton populations or vice versa. If a thurberia weevil moved into a boll weevil cotton Þeld, we would expect it to have a thurberia weevil proÞle for both COI and SCAR loci. It is still possible that migrants are in our data set and hybridization complicated their identiÞcation. Additional research will be needed to evaluate those events.
The SCAR and sequencing methods agreed 100% of the time for both thurberia and boll weevil collections from the United States (Table 6 ). For Mexican collections, both methods show a 100% match for thurberia weevil. However, for boll weevils from Mexico, the two methods agree in 89% of the specimens analyzed. Overall performance is given in Table 7 for the methods.
Morphometric Analysis. Of the 42 tested thurberia weevils, 36 had the characteristic ratio (3.0 Ð3.4), 4 had inconclusive ratio values (3.4 Ð 0.3.6), and 2 had ratios characteristic of the boll weevil (Supp . Table S1 [online only]). Of the 62 boll weevils tested, 57 had the characteristic boll weevil ratio and 5 had inconclusive ratio values. Approximately 86 and 92% of the thurberia and boll weevil samples, respectively, were assigned to the presumably correct population using leg ratios alone. The inexact match between morphometrics and collection information underlines the importance of new tools for variant identiÞcation. However, these morphological values are not very different than the success rates using molecular methods (Table 7) . The ratio calculations are reported for each weevil in Supp. Table S1 (online only).
Discussion
In this study, we have described two new molecular methods for analysis of A. grandis populations and compared their performances as diagnostic techniques for thurberia weevil populations on wild cotton in the southwestern United States. Phylogenetic analysis of a 503 bp fragment of the COI gene generates proÞles that are strongly associated with wild cotton (thurberia weevil) and commercial cotton (boll weevil) populations of the species. The COI sequence differences are not completely diagnostic for the variants because one genotype (AN4) is shared by individuals collected from wild cotton and commercial cotton.
Previous research by Roehrdanz (2001) demonstrated a genetic difference in mitochondrial DNA between the thurberia and boll weevil variants. Roehrdanz stated in his study that additional samples would be needed to conÞrm if the mitochondrial characters were truly diagnostic of the variants. Our mitochondrial study using distinct samples from a wider collecting range within the United States agreed with the difference observed by Roehrdanz. The difference between thurberia and commercial cotton populations was not conÞrmed, however, when using additional samples from Mexico.
We have demonstrated that the COI gene can be used to help identify a weevil in the United States as the thurberia weevil variant. This identiÞcation, however, is not based on a Þxed diagnostic character but on the assumption that commercial cotton pests (boll weevil) with the thurberia weevil-genotypes are rare. We have documented that weevils from commercial cotton in Mexico can have DNA sequences characteristic of the thurberia and boll weevil populations sampled in the United States. Based on our sampling, the thurberia weevil-associated COI sequences are not common (5%) in commercial cotton populations. Additional sampling is needed to derive better estimates of genotype frequencies and error rates in identiÞcation.
The DNA sequencing methodology we describe provides an alternative technique for diagnosing mitochondrial differences in boll weevils that is robust, compatible with other DNA barcode projects for Anthonomus species (e.g., Quarantine Barcoding of Life, http://www.qbol.org/UK/), and is useful for phylogenetic analysis of other boll weevil data sets (Scataglini et al. 2006) . It is important to note that DNA barcoding has been proposed as a method for specieslevel identiÞcation and not for diagnosis of subspecies or variants. The thurberia weevil is capable of mating with other boll weevil variants (Burke 1968) so no mitochondrial DNA analysis can rule out possible hybrids or low levels of gene ßow. The relatively high intraspeciÞc variation (5.6% K2P) we estimated for A. grandis in our study should be important for ongoing barcode projects that are trying to distinguish the pest from related species.
It is important to continue to study boll weevil populations from Mexico (Kuester et al. 2012) . Scataglini et al. (2006) genotyped samples of weevils from commercial cotton in Colima, Mexico, that have the "A" proÞle common to thurberia weevil in southwestern United States. Sampling in Mexico is critical to understanding the true diversity of the species. It is possible that genetic diversity is much higher within Central or Southern Mexico than what is estimated in our collections. Genetic diversity of populations on different wild host plants has not been estimated and is important for accurate diagnostic tools.
Boll weevils could enter the United States through various pathways and it is not clear which populations are more likely to be a source of future introductions. This complicates interpretation of our COI data for identiÞcation of weevil variants. It is premature to apply the association between thurberia and boll weevil genotypes in the southern areas of the United States to other, yet unsampled regions. Results of diagnostic identiÞcations for weevils by morphometrics (N ϭ 104), BW3 SCAR marker (N ϭ 158), and interpretation of COI sequence proÞles (N ϭ 158) based on nucleotide diagnostic sites. Results reported as percentages for correct identiÞcation (TW ϭ TW or BW ϭ BW), incorrect (BW ϭ TW), ambiguous (reaction failure) results.
The second diagnostic method developed in our study is a SCAR assay. This method is not as robust as the DNA sequence analysis using COI because it has a higher rate of assay failure (i.e., inconclusive results). Like the COI method, the SCAR marker did not provide perfect separation between the two variants because a population from Mexico had some individuals with genotypes characteristic of thurberia weevil and other individuals with genotypes characteristic of boll weevil. In general, the method performed well using samples from United States and had success rates comparable to the COI marker. In comparison to the previously published PCR-RFLP method of Roehrdanz (2001) and our COI DNA sequence method, the SCAR assay is relatively inexpensive and fast to perform. Application of the method is subject to the same limitations as the described mitochondrial methods.
Our results suggest that there is no single method to identify weevil variants with 100% certainty. An identiÞcation strategy that uses combinations of two or three methods should help enhance conÞdence in the identiÞcation. The presence of diverse genetic types in Mexico suggests that caution should be taken in interpreting results. For example, proÞle A (i.e., the thurberia weevil type) can be found in weevils collected in commercial cotton Þelds of Mexico. Although COI proÞle B (i.e., the boll weevil type) has not been sampled from weevils in wild cotton in the United States, it has been found in weevils from wild vegetation in Argentina.
